In 2010, the incidence of prolonged mechanical ventilation (> 24 hours) after isolated coronary artery bypass graft (CABG) surgery was 26.9% at the study site, The Ohio State University Wexner Medical Center, compared with the national like-hospital rate of 10.9%. Objectives To use the principles of lean management to reduce the incidence of prolonged mechanical ventilation and to assess the sustainability of that reduction over time. Methods A multidisciplinary prolonged ventilation task force conducted a gap analysis leading to 3 interventions: (1) a standardized extubation protocol, (2) dry erase boards in patients' rooms to facilitate team communication, and (3) edits of the postoperative order set within the electronic health record. Outcomes of mechanical ventilation in CABG patients before and after the interventions are compared. Results All target outcomes changed significantly after the interventions, including a reduction in the median hours of initial mechanical ventilation (from 11.4 hours to 6.9 hours, P < .001). The percentage of patients reintubated did not increase (a decrease from 11.8% to 3.5% was not significant, P = .08). The rate of prolonged ventilation decreased from 29.4% to 8.6% (P = .004), and this reduction was sustained for 4 years after the interventions. Conclusions Success factors included the multidisciplinary task force and continual protocol reeducation among front-line staff.
Quality improvement processes play an important role in compliance with current "fast-tracking" guidelines.
Follow-up studies 2, [6] [7] [8] [9] [10] demonstrated that early extubation-known as "fast track" cardiac anesthesia-does not pose additional risks, positioning early extubation as the standard of care in cardiac surgery. 3 A 2011 American College of Cardiology guideline 11 gave a class 1 recommendation for an anesthetic directed toward early postoperative extubation among low-to medium-risk CABG patients. In a meta-analysis of fast-track cardiac practices, researchers 1 reported that although anesthetic management affects the ability to allow early extubation, an extubation protocol was pivotal, thus highlighting the importance of the work processes within a cardiac surgery unit.
Given this finding, quality improvement (QI) processes play an important role as hospitals and health systems aspire to comply with current "fasttracking" guidelines. "Lean management," a key QI process, was first used to describe the Toyota business model. 12 The Toyota Production System was a model developed to eliminate waste and variability. 13 A key component of lean management is holding every individual responsible and accountable to use tools that will reduce variability in the work process. 14 Lean management has been used in many areas of medicine, including critical care. 12, 13, 15 In this study, we applied the principles of lean management to a cardiac surgery unit within a large academic medical center in order to decrease both the incidence of prolonged mechanical ventilation and the median time to extubation following CABG. This QI process was implemented as a response to the findings of an audit conducted by the prolonged ventilation task force (details of the task force provided later). Within our health system between 2008 and 2010, the incidence of prolonged mechanical ventilation (intubation for > 24 hours) for isolated CABG was 26.9%, compared with the like-hospital rate of 10.9% for the same time period. The objectives of this study were to reduce this rate to or below the mean national rate for like hospitals and to assess the sustainability of that reduction over time.
Methods
This study employed A3 thinking, which is a consensus building process that uses a succinct visual communication tool to guide project participants.
14 Within the A3 model, we conducted a gap analysis with the goal of comparing best practices with the processes in place at the organization and identifying the gaps between current performance and best practices. 16 The QI program was implemented in 2010, and primary outcome measures were compared in 2 groups of CABG patients, 6 months before and 6 months after the intervention. Sustainability of the main outcome measure, prolonged mechanical ventilation, was tracked for 4 years after the intervention.
The extubation protocol was developed with the goal of setting early extubation as the standard.
Setting
This study was implemented in the Division of Cardiac Surgery at The Ohio State University Wexner Medical Center. The Division of Cardiac Surgery provides care for patients within a dedicated heart hospital where 6 surgeons performed 2596 cardiac procedures in fiscal year 2014, qualifying the division as the busiest cardiac surgery program in the region.
Prolonged Ventilation Task Force
Formed in 2010, the task force included multidisciplinary professionals: cardiac surgeons, intensivists, anesthesiologists, nurse administrators, advanced practice nurses, respiratory therapists, pharmacists, and perfusionists. It was championed by the chief quality and patient safety officer and led by members of the Office of Quality and Patient Safety. The task force charter included 2 goals for patients undergoing isolated CABG: (1) within 1 year, achieve prolonged ventilation rates that are at or below the national Society of Thoracic Surgeons (STS) like-hospital benchmark of 12%, (2) achieve a median initial ventilation time of 7.6 hours (the STS benchmark) within the same time frame. "Like hospitals" are those with a similar bed capacity, and the benchmark is based on the median rate among those like hospitals.
Gap Analysis
Three types of data collection informed the gap analysis: retrospective chart reviews, interviews with stakeholders, and focus groups. The task force conducted retrospective chart reviews of patients who met the criteria for prolonged mechanical ventilation. A root-cause analysis was conducted for each case. Root-cause variables included lack of communication between team members, redundant and excessive analgesic medications within postoperative order sets that led to variation in ordering practices, and unstandardized extubation practices and goals. Specifically, the decision to pursue early extubation was an unstandardized and independent decision-making process supported by minimally structured clinical management by each member of the team instead of a standardized process encouraging early extubation.
Interviews and focus groups were an additional element of the gap analysis. Members of the task force conducted 1-on-1 interviews with nurses, respiratory therapists, physicians, and anesthesiologists who work on the cardiac unit. Interviewees were asked about their work processes and their perspectives on questions such as "why are some patients on vents for so long?" Similar topics were discussed in the style of focus groups during staff meetings. Information collected from the interviews and focus groups supported the prevalence of these root causes and provided contextual detail related to the situations in which these root causes occur.
Interventions
Upon completion of the gap analysis, the multidisciplinary task force developed 3 interventions aimed at addressing the identified root causes. These included (1) the development of an extubation protocol to standardize extubation practices, (2) the introduction of dry erase boards in patients' rooms to facilitate team communication, and (3) edits of the postoperative order set within the electronic medical record to reduce medication variation and redundancy in order to facilitate appropriate drug utilization.
The extubation protocol was developed with the goal of setting early extubation as the standard and the decision to delay extubation as the exception. Figure 1 is the cardiothoracic surgery ventilator weaning and extubation protocol, which consists of a decision tree from arrival in the ICU until extubation that requires reassessment of patients every 30 minutes and a specific weaning process once weaning is initiated. The nurse and the respiratory therapist could follow this protocol without the need for additional physician orders.
The second intervention was the installation of dry erase boards in each patient's room on the cardiac unit to facilitate communication, both among the care team and during handoffs across teams. During handoffs, the operating room team could use the board to write extubation goals, concerns, and notes to the receiving team. Team communication breakdowns were identified as a root cause of prolonged extubation because respiratory therapists and other team members did not have a method to easily identify and contact the patient's nurse. The dry erase board addressed this problem with space for the nurse's name and phone number to facilitate contact between the nurse and other team members.
A third intervention was developed in response to the gap analysis finding that postoperative order sets in the electronic health record allowed redundant and excessive use of analgesics and sedatives, leading to unnecessary variability in ordering and administration. Specifically, with respect to options for analgesia, the order set included multiple parenteral (fentanyl, morphine, hydromorphone) and oral agents (oxycodone/acetaminophen, hydrocodone/acetaminophen, acetaminophen). The order set was edited to reduce redundancy by limiting All target outcomes changed significantly from before to after the interventions.
standard orders to include 1 parenteral agent (hydromorphone) and 1 oral agent (oxycodone/ acetaminophen) to facilitate availability of relatively short-acting agents that are minimally affected by variable end-organ function across the population.
Education and Feedback
The 3 interventions were implemented with rigorous, and multimodal, staff education. Initial education was conducted informally through 1-on-1 discussions between members of the task force and staff from their respective disciplines; across multiple shifts both on the unit floor and during break room discussions. Additionally, members of the task force attended staff meetings to provide detailed instructions for the incorporation of the extubation protocol and the new whiteboard communication process into the current unit workflow. During these conversations, the task force was careful to frame the interventions as the work product of the extensive staff engagement that occurred during the gap analysis, in addition to highlighting the multidisciplinary nature of the task force itself.
Additional educational outreach specific to the extubation protocol included e-mailing staff to provide the protocol and a "go-live" date, and updating the nurses' bedside references so that the new protocol would be easily accessible at the patients' bedside. During the initial 6-month implementation period and continuing during the maintenance period, staff members were provided feedback on the outcomes of interest. At monthly meetings of nurses and respiratory therapists, a task force representative shared updates on the number of cases of prolonged ventilation and the current mean time to initial extubation. An opportunity also was provided to discuss the implementation of the interventions and troubleshoot barriers as they arose.
Data Collection
The Division of Cardiac Surgery participates in and reports to the STS national database-established in 1989 as a tool for national-level quality improvement and patient safety among cardiothoracic surgeons. In order to report to the national database, the division maintains an institution-level STS adult cardiac surgery database, comanaged with the Office of Quality and Patient Safety. This database includes patients' demographic data, procedural data, and perioperative outcomes that are abstracted and entered into the STS database from the medical center's electronic medical records. Access to data for this article was approved via an institutional quality data release, and the Health Insurance Portability and Accountability Act of 1996 (HIPPA) regulations were followed at all times in order to maintain the confidentiality of patients' personal information.
Outcomes and Analysis
Patients who had CABG surgery performed during the 6 months before the quality improvement process (January through June 2010) were categorized as group 1. Patients who had surgery performed in the 6 months after implementation of the quality improvement process (January through June 2011) were categorized as group 2. Significant differences in demographic and health status variables between these groups were calculated by using 2 tests to detect significant differences in the distribution of the variables across study groups.
Outcomes included the median number of hours of mechanical ventilation after CABG surgery, termed initial mechanical ventilation. The percentage of patients undergoing early extubation was also calculated, with early extubation defined as occurring within 6 hours of ICU arrival. Prolonged mechanical ventilation, defined as initial mechanical ventilation for more than 24 hours, was calculated as a percentage of patients in each group. The proportion of patients reintubated was collected. The outcome variables were compared between groups by using t tests of a significant difference in means for the continuous variables and 2 tests for the categorical variables. Multivariate modeling was not conducted because the 2 groups did not differ significantly on any measured variables. Analyses were conducted by using SPSS version 20-22 (SPSS Inc).
Results
The Division of Cardiac Surgery performed 68 CABG operations in the 6 months before the interventions (group 1) and 58 in the 6 months after the interventions (group 2). Table 1 presents demographic and health status variables that may be associated with differences in intubation rates, including hypertension, dyslipidemia, chronic lung disease, the urgency of the surgery, and the presence of an intra-aortic balloon pump. These variables did not differ significantly (P < .05) between the groups. Other nonsignificant variables that occurred in less than 5% of our sample included previous cardiac surgery, emergent salvage, and cardiogenic shock.
All target outcomes changed significantly from before to after the interventions (Table 2) , including a significant reduction in the median hours of initial mechanical ventilation (P < .001). The median number www.ajcconline.org of hours of initial mechanical ventilation was 6.9 after the intervention, below the STS benchmark of 7.6 hours. The percentage of patients extubated early increased from 19% before the interventions to 41% after the interventions (P = .01) and the percentage reintubated did not increase (there was a nonsignificant decrease from 12% to 4%, P = .08). The rate of prolonged mechanical ventilation also decreased, from 29% to 9% (P = .004). Figure 2 presents the rate of prolonged mechanical ventilation 6 months before the interventions (first quarter of 2010) until the third quarter of 2014, which is 4 years after the interventions. Within 3 months of the implementation of the interventions, the rate of prolonged mechanical ventilation was below the STS's mean rate for like hospitals and stayed around the STS mean for the following 2 years. In 2013, the rate started to increase and the task force members turned their attention to this issue, which corresponded to a sharp decrease back to less than the STS mean.
Discussion
This QI project was successful at reaching the goals set by the prolonged ventilation task force. Implementation of a 3-part intervention-an extubation protocol, dry erase communication boards in patients' rooms, and a standardized postoperative medication order set-led to a decrease in the rate of prolonged ventilation after CABG similar to the STS's mean for like hospitals and sustained success across subsequent years. Although it was not an original goal of the task force, another finding of note is the significant increase in the rate of early extubation (extubation < 6 hours after ICU arrival). The percentage of patients reintubated did not increase after the interventions, providing evidence that the extubation protocol did not lead to premature extubation of patients.
This success is similar to that seen in other applications of lean thinking to health care, most commonly in surgery and emergency departments. [17] [18] [19] However, in a 2015 systematic review of use of lean techniques in health care, researchers reported positive but not conclusive evidence of improved quality and safety outcomes. These inconclusive results may be due in part to a need to delineate what implementation strategies led to the success of QI initiatives. 20 One element critical to success was the application of a thorough gap analysis. This analysis identified root causes of the high rate of prolonged mechanical ventilation, enabling the creation of interventions that were tailored to the specific causes of the problem.
Another element of success was the engagement of the key disciplines involved in the process on the 26 (45) 54 (93) 57 (98) 16 (28) 22 (38) 34 (59) 0 (0) 4 (7) 21 ( (18) 34 (50) 64 (94) 65 (96) 22 (32) 25 (37) 41 (60) 2 (3) 11 (16) 18 (26) Before intervention (n = 68) Outcome Table 2 Outcomes related to mechanical ventilation in coronary artery bypass graft surgery patients before and after the intervention front line of patient care. The task force was multidisciplinary, including all professional groups that care for CABG patients in the cardiac unit. This multidiciplinary approach is a key element of lean management implementation 18 and allowed the team involved in patient care to engage in quality improvement and find solutions to provide the highest standard of care. The principles of lean management hold each member of the team accountable for creating and using tools, in this case the 3 interventions, to reduce variability in the work process. 14 The integration of staff at all levels in the implementation process through education and feedback facilitated buy-in and fidelity to the 3 interventions. Specifically, the real-time assessment and feedback of patients who were extubated in a timely manner allowed rapid assessment of failure modes and modifications to facilitate protocol fidelity.
Variable
A unique element of this study is the exploration of sustainability years after initial implementation. Figure 2 also shows a slowly increasing rate of prolonged mechanical ventilation in 2013, almost to preintervention levels. When stakeholders from the task force were made aware of this increase, a flurry of discussion ensued and attention was paid to the elements of the initial QI intervention. The increasing rate required reengagement of team members, many of whom were new to the organization and unaware of the protocol. This situation revealed an opportunity to develop a process by which front-line staff members, both new and old, are continuously reeducated on patient care strategies so that current and new protocols are used. Subsequent to the implementation of this reeducation process, the rate returned to less than the STS's mean for like hospitals.
Therefore, the important addition of this study to the literature is the identification of sustainability success factors. Our findings support many of the framework elements for supportive QI conditions recently proposed by Matthaeus-Kraemer and colleagues, 20 including the importance of multidisciplinary members of a dedicated QI team, the engagement of front-line staff in the dissemination process, external benchmarks, and administrative support. The present study adds to this framework by considering the process of planning before implementation of interventions and long-term sustainability. 
